Upgrading the energy efficiency of existing buildings is a well-known issue around the globe. Given the very low renewal rate of the building stock, thermal retrofit of the existing buildings seems to be a good solution to improve the environmental performance of the building sector. Several studies have acknowledged the lack of knowledge, experience and best-practice examples as barriers in thermal retrofit of existing buildings. Therefore, this study has focused on developing recommendations on the most effective and feasible retrofitting techniques for existing buildings and performing financial analysis of initial investment vs. return based on the quantitative results of the energy modelling. Thermal comfort modelling software FirstRate5 has been used to simulate the annual heating and cooling energy consumption of nine benchmark buildings through a range of retrofitting techniques. Dwellings of varying construction materials including weatherboard, cavity brick and brick veneer have been simulated to improve accuracy. Examining seven different thermal retrofitting options in this study, it has become apparent that there is significant heating and cooling energy reduction, with payback period of less than three years, by implementing two options of the examined retrofitting cases to existing residential dwellings.
Introduction
Upgrading the energy efficiency of existing buildings is a well-known issue. As elucidated by Poel et al., 1 given the very low renewal rate of the building stock, refurbishment of the existing buildings can be a good solution to improve the environmental performance of the building sector. According to Power, 2 the existing stock exceeds the number of newly built buildings. While new constructions add annually 1% or less to the existing stock, the other 99% of buildings are already built and produce about 24% of the energy-use induced carbon emissions. Regarding materials and waste, studies show that the environmental impact of life cycle extension of a building is definitely less than demolition and new construction. 3 The retrofitting of existing buildings in particular provides considerable potential for energy conservation and further sustainable benefits. Recent figures suggest that the domestic sector could potentially make a significant contribution to reducing energy consumption. 4 Residential buildings account for 70% of building floor area, 4 while the condition and efficiency of a large part of the residential stock still need attention. About two-thirds of existing buildings are over 30 years old and about 40% are over 50 years old. 1, 3 This is an important observation given that most national building regulations that mandate thermal insulation of building envelopes were introduced following the energy crisis in the 1970s. 3 Furthermore, buildings suffer from a variety of physical problems. Taking into account that the expectation for the structural life of a building often exceeds 60 years, while the envelope shows signs of obsolescence after only 20 or 30 years, 5 it is understandable that the residential stock is in need of refurbishment. The current energy and climate change impacts of the residential building sector in Australia are significant. Thus, the Australian Government has introduced more stringent regulations to improve building energy efficiency. 6 In 2006, the Australian residential building sector consumed about 11% (around 440 Petajoule) of the total primary energy, resulting in total greenhouse gas emissions of 9.65 million tonnes CO 2 equivalent. 7 According to the Department of the Environment, Water, Heritage and the Arts report, 8 the gas and electricity consumption of residential dwellings contributed to 30% and 52%, respectively, of the total primary energy utilised by this sector. The report highlights that around 40% of total energy consumption of Australian buildings goes to heating and cooling due to the low thermal performance of buildings.
Thermal performance of buildings determines the amount of energy used for heating and cooling of buildings which profoundly influences energy efficiency. Therefore, employing sustainable design principles and effective use of construction materials can play a crucial role in improving thermal performance of new and existing buildings. 9 Even though awareness has been raised, the design phase of refurbishment projects is often problematic. One of the issues concerning the refurbishment of residential buildings is mostly the consumer market, 3 where most work consists of moderate refurbishment jobs, often without assistance of an architect and partly without a building permit. There is an individual and often fragmental approach that results in a lack of efficiency. 10 Most importantly, decisions are taken in the early stages of the design determine the final result. However, the assessment of the environmental performance only happens at the end of the design process, as a reflection of the design outcome. 10 Many researchers [11] [12] [13] [14] [15] [16] have acknowledged the lack of knowledge, experience and best-practice examples as barriers in refurbishment projects. In the context of sustainable development and the need to reduce energy demand, refurbishing the ageing residential buildings constitutes a necessary action. Not only does it provide huge potential for energy savings, but also it is economically and socially relevant. 10, 17 Although the advantages have been identified, the guidelines come in the form of general suggestions that fail to address the diversity of each project. 17 Therefore, it has become apparent that there is a strong need to develop tools for optimised retrofitting of existing residential buildings in order to improve their energy performance. As a result, this study focuses on developing recommendations on the most effective and feasible retrofitting techniques for existing building located in Sydney (Australia) and performing financial analysis of initial investment vs. return based on the quantitative results of the energy modelling. Thermal comfort modelling software FirstRate5 was used to simulate the annual heating and cooling energy consumption of nine case study buildings through a range of retrofitting techniques. Dwellings of varying construction materials including weatherboard, cavity brick and brick veneer were simulated to improve accuracy. Each case study building was subjected to seven retrofitting cases to produce a consistent set of results. Examining different retrofitting cases for the case study buildings, this study aims to identify two most effective retrofitting techniques with significant heating and cooling energy reduction which are worthwhile investments and will provide financial return.
Theoretical background of building envelope thermal retrofit
According to the Australian Building Codes Board, 18 the building envelope is the physical boundary which separates the habitable areas from the external environment. The building envelope consists of external walls, external doors, windows, roof, ground and the internal walls that separate conditioned spaces from nonconditioned spaces as illustrated in Figure 1 .
Thermal insulation is the reduction of heat transfer between objects in thermal contact or in range of radiative influence. 19 Thermal insulation can be achieved with especially engineered methods or processes, as well as with suitable object shapes and materials. Heat flow is an inevitable consequence of contact between objects of differing temperature. Thermal insulation provides a region of insulation in which thermal conduction is reduced or thermal radiation is reflected rather than absorbed by the lower temperature body. As defined by Bergman et al. 19 in a building, the thermal performance of insulation is expressed by R-value (thermal resistance) which is measured in wattper-meter-per-Kelvin (WÁm 
Therefore, U-value is the inverse of R-value. According to Bergman et al., 19 Fourier's law states that the conduction of heat is directly proportional to the difference in temperature of each side of a surface. As a result, doubling the temperature difference inherently doubles the flow of heat. The heat transfer rate Q (loss or gain) can be determined by combining the thermal performance with Fourier's law as shown in equation (2)
where R is the thermal resistance, A is the area of the surface (m 2 ) and DT is the difference in temperature between both sides of the surface ( C). National Construction Code 20 states that the total R-value of a building element will not only take into account any additional insulation but also other construction materials such as plasterboards, air cavities, brick/timber and air films. Since thermal resistances in series can be added, the total R-value is the sum of all materials. 21 Therefore, an uninsulated external wall such as brick veneer will have an R-value of around 0.5 and with the addition of 2.5 bulk insulation; the total thermal resistance will be 3.0.
Thermal mass is the ability of a material to absorb and store heat energy. Thermal mass effects occur in buildings containing walls, floors and ceilings made of materials such as masonry (brick) and concrete. 21 Materials such as timber and metal cladding provide little thermal mass. 22 A material-specific heat capacity determines its thermal mass capability. Specific heat capacity is defined as the amount of heat that a kilogram of a given substance is required to absorb in order to increase its temperature by one degree. 19 Therefore, the higher the specific heat capacity, the more heat energy is required to change the temperature of that material. This also means that the material will lose that heat at a slower rate. 21 Reilly and Kinnane 22 stated that the thermal mass of a material (C th ) can be determined by equation (3) as follows
where m is the mass of the body and C p is the specific heat capacity. The ability to absorb large amounts of heat energy and then to release the heat at a slow rate gives high thermal mass materials (material with higher C th values) the advantage of having better thermal performance. During winter, the material will absorb heat energy throughout the day and then releases the heat throughout the night when temperatures begin to fall. 21 This substantially contributes to keeping the house at a more consistent temperature. Conversely, during summer, the high thermal mass of the dwelling will drop in temperature throughout the night and slowly heat throughout the day, again maintaining a more consistent temperature. 22 Correct use of thermal mass in the form of thermal insulation can delay the heat flow through the building envelope by as much as 10À12 hours, producing a warmer house at night in winter and a cooler house during the day in summer. 21 Thermal insulation in the building envelope is an extremely effective way of reducing heat transfer between conditioned and non-conditioned areas and improving the thermal comfort of a dwelling. As a result, national building regulations mandating thermal insulation of building envelopes were introduced in the 1970s, in response to the energy crisis. 3 Thermal insulation provides an addition R-value to the building envelope. This will increase the thermal resistance and subsequently reduces heat transfer. Figure 2 illustrates the percentage of heat transfer that occurs in an uninsulated dwelling, depending on hot or cold external weather. If the external temperature is lower compared to the internal temperature, heat will be transferred out to the external environment. Alternatively, if the external temperature is higher in comparison to the internal temperature, heat will be transferred into the internal environment. 23 
Characteristics of case study buildings
This study has adopted a case study research method approach. This approach provides practical and real-world mean to investigate the amount of heating and cooling operational energy in the existing buildings and provide opportunities to identify improvements to energy efficiency. Therefore, a number of case study buildings located in Sydney metropolitan area (Australia) which are older than 20 years have been selected. The case study buildings consist of various construction materials and have been chosen as the benchmark for modelling and simulation purposes. All plans have been sourced from their relevant council websites for development applications on exhibition. The three construction materials for case study buildings are weatherboard (timber cladding), brick veneer (single brick) and cavity brick (double brick with cavity). Three dwellings of each construction material have been selected for a total of nine case study buildings. Having a sample size of three dwellings of each construction material has increased the accuracy of the project outcomes. Table 1 tabulates a summary of the relative information for each case study building.
Computer modelling and analysis
FirstRate 5 software was used in this study to model and estimate the annual heating and cooling energy usage of the case study buildings by taking into account factors such as climate zone, conditioned area, zone occupation hours, glazing area, construction materials, orientation and shading. This software is an interactive tool with a graphic user interface that enables designers and thermal performance assessors to generate energy ratings for a home by tracing over floor plan. Compared to other thermal comfort modelling software, FirstRate5 is more comprehensive and suited to modelling detached buildings such as houses. 15 A preliminary validation of numerical models was carried out in FirstRate5 by simulating the building model created by Manosury and Tabatabaiefar. 15 Comparing the numerical results, it was revealed that FirstRate5 numerical models used in this study can replicate the results reported by Manosury and Tabatabaiefar 15 with acceptable accuracy.
As the first step of modelling, floor plans for case study buildings were drawn in AutoCAD. Then, FirstRate5 models were generated by importing scaled AutoCAD floor plans into the user interface ( Figure 3 ). Therefore, geometric details of the floor plans can be read and interpreted precisely by the software. Each room within the floor plans was then traced over to produce a 2D model. In the next step, windows, doors and other internal and external openings were added to the model. Climate data, orientation and any shadings were then added. Afterwards, five different zone classifications were introduced to the program and assigned to each zone of each building considering type of occupancy, internal heat generation and ventilation as summarised in Table 2 . Each occupancy zone is shown with different colours in Figure 3 . In the end, the construction details of dwellings were added into each model for accurate simulation of energy usage.
Externals walls, internal walls, floor and roof materials were all entered, respectively.
To have further consistency between the models, identical wall construction details have been selected for all weatherboard, cavity brick and brick veneer materials, respectively. Using the 'Wall Builder' function within FirstRate5, three wall types were created to accurately model common weatherboard, brick cavity and brick veneer walls. The insulation that was added to each wall type was 'Rockwool Loose Fill'. According to FirstRate5 wall builder, Rockwool Loose Fill insulation has a specificity conductivity of 0.04 W/m.k. Therefore, according to equation (1), to obtain the R-values, the inverse of conductivity was multiplied by the thickness of insulations and the R-values were applied to each building model, respectively.
Employed building envelope thermal retrofit techniques
There are a number of studies that have evaluated existing residential buildings in Australia and proposed retrofitting techniques to improve energy efficiency of the studied buildings. Iyer-Raniga and Wong 24 studied eight benchmark buildings across Victoria with different construction materials. They simulated the case study buildings in AccuRate software and proposed some building interventions to improve energy 15 studied a case study building in Melbourne to serve as the benchmark building for modelling and simulation purposes. Based on the research findings, it has become apparent that the most effective and feasible method of retrofitting the case study building was adding insulation layers to the ceiling level.
Since adding insulation layers to the ceiling has been recognised to be the most efficient thermal retrofit technique in Australia so far, in this study, the first thermal retrofitting stage considered ceiling thermal retrofit. Using FirstRate5, each dwelling was subjected to the same seven retrofitting cases to produce a consistent set of results. These seven cases were broken up into three following stages; It should be noted that due to the age of dwellings and deterioration of insulation over time, reference models were modelled with no insulation. This also gives each model a standardised started point for retrofitting. Table 3 summarises the retrofitting techniques and insulation R-values for all seven cases.
Results and discussion
The FirstRate5 software has simulated the annual heating and cooling energy consumption for all dwellings and cases of retrofitting. Results of computer modelling and analysis are summarised and graphed in Figures 4 to 6 for visual representation of the changes in heating, cooling and total energy usage for each dwelling and cases. Tabulated results in Tables 4  to 6 were taken directly from the results produced by FirstRate5 after each simulation. The annual heating and cooling energy is shown in the units of MJ/m 2 . Combining the annual heating and cooling energy gives the total energy. Reduction from the reference is the percentage decrease in the total energy usage for that case compared to the reference case. The obtained results were interpreted, analysed and compared in order to identify the most effective and efficient retrofitting technique to improve the energy efficiency of benchmark buildings. Table 4 and Figure 4 illustrate the average results for the three weatherboard dwellings. The addition of R2-6 ceiling insulation within the weatherboard dwellings produces a significant decrease in total heating and cooling energy of 47%-52% from the reference. Stage 2 of retrofitting produces a decrease of 69% by installing R2.25 of Rockwool insulation into the external walls. This is a substantial decrease of 213 MJ/m 2 from the reference. Further retrofitting to Stage 3 by installing R1 floor insulation to dwellings with suspended timber floors produces a decrease of 71% from the reference. However, this is only a reduction of 6% compared to Stage 2. The small improvement is due to the summer cooling load increasing when floor insulation was applied. This was expected due to underfloor ventilation loses. Table 5 and Figure 5 demonstrate the average results for the three cavity brick dwellings. The addition of R2-6 ceiling insulation within the cavity brick dwellings produces a significant decrease in total heating and cooling energy of 62%-66% from the reference. installing R1 floor insulation to dwellings with suspended timber floors produces a decrease of 83% from the reference. This is a reduction of 28% compared to Stage 2. However, as only one of the cavity brick dwellings (Dulwich Hill) had a suspended floor, the Stage 3 results of only Dulwich Hill was compared to the three dwelling average Stage 2 results. This produced an exaggerated reduction of 28%. Brick veneer dwellings Table 6 and Figure 6 indicate the average results for the three brick veneer dwellings. The addition of R2-6 ceiling insulation within the brick veneer dwellings produced a significant decrease in total heating and cooling energy of 44%-49% from the reference. Stage 2 of retrofitting produced a decrease of 69% by installing R1.25 of Rockwool insulation into the external walls. This is a substantial decrease of 197.1 MJ/m 2 from the reference. As all brick veneer benchmark dwellings were of concrete slab on ground construction, Stage 3 could not be tested for brick veneer dwellings.
Weatherboard dwellings

Cavity brick dwellings
Discussion and comparison
It can be seen from Table 7 and Figure 7 that weatherboard, cavity brick and brick veneer dwellings follow the same trends during retrofitting cases. Case 1 from the reference provides the largest improvement, while Case 1 to Case 5 provide only a small diminishing improvement. Case 5 to Case 6 produce another step improvement for all constructions when wall insulation was added. Cases 6 to 7 produce a small further improvement for underfloor insulation.
As the three construction types follow the same trends when subjected to the retrofitting cases, it can be understood that the type of wall construction has a significant impact on the dwelling's improvement in heating and cooling energy usage. All construction materials follow the same progression and improve to a similar degree with the addition of insulation. Therefore, the results for all construction types can be combined and analysed together to draw a generalised solution to retrofitting existing dwellings.
Although the dwellings follow the same trends, there are some key points to note, Figure 7 displays that weatherboard and brick veneer dwellings have performed relatively similar from Cases 0 to 7. For both construction types, the total annual heating and cooling energy, started from the beginning were within 7% of one another and were as close as 3%. Thus, it can be understood that weatherboard and brick veneer dwellings perform similar thermally, with no major differences between dwellings. The brick veneer dwellings perform slightly better than weatherboard dwellings. This is to be expected due to the slight thermal mass benefit of the single brick leaf compared to the timber cladding in the weatherboard dwellings. The results also show that the cavity brick dwellings have benefitted significantly more by retrofitting ceiling insulation than the weatherboard and brick veneer dwellings. In Case 0, the reference case, all construction materials were within 7% of each other. This difference rose to over 32% for Case 2, as the improvement in cavity brick dwellings was substantially better than the others. This is also expected due to the considerable extra thermal mass of the two brick leafs, which stores the heat energy, in combination with the insulation to prevent heat transfer. It can be seen that this is an ideal scenario for great thermal performance of dwellings, thermal mass in combination with correct insulation. Figure 8 illustrate the total annual heating and cooling energy reduction from the reference for each construction type compared to the combined. As results for each construction type follow the same progression as the combined, it can be further determined that a generalised retrofitting solution can be implemented into a dwelling of any construction material. Table 9 tabulates the average results for all benchmark dwellings graphed in Figure 9 . The addition of R2-6 ceiling insulation within the benchmark dwellings produces a significant decrease in total heating and cooling energy of 51%-56% from the reference.
Combined retrofitting solution and recommendations
The simulation has shown that any additional ceiling insulation over R2 would roughly half the amount of heating and cooling energy usage of these dwellings. This is an outstandingly positive result as installing ceiling level insulation is an easily achievable and non-destructive retrofitting technique that yields an excellent reduction in energy usage. There is a 5% reduction to R3 over R2 ceiling insulation. The advantages of higher ceiling insulation levels are not seen, and there are diminishing returns once ceiling insulation is above R3. This was expected due to Sydney's mild to warm climate where keeping heating inside the dwelling is not essential. The thickness of an R3 ceiling batt can be between 130 and 160 mm depending on the material chosen. Commonly used glass wool, 'Pink Batts', are around 155 mm thick. Based on supply and fit prices in Australia, R3 and R6 insulation cost $6.75 and $16.00 per square metre, respectively. This equates to a saving of $1388 for a dwelling of 150 m 2 . For these reasons, R3 is the recommended retrofitting technique for ceiling insulation in Sydney dwellings. R3 produces an average of 159 MJ/m 2 decrease in heating and cooling energy from the reference, equating to a 53% reduction. This significant decrease in energy usage, along with the price advantage over thicker insulation (R6), makes R3 ceiling insulation an effective and viable solution to retrofitting of existing Sydney residential dwellings.
Stage 2 of retrofitting produced a vast energy usage decrease of 71% to the reference by installing Rockwool Loose Fill insulation into the external walls, in combination with the R3 ceiling insulation. R1.25 was installed into the 50 mm cavity and R2.25 into the 90 mm airspace. The results show that Stage 2 produced an average of 54.4 MJ/m 2 reduction over R3 ceiling insulation alone. This equates to a further 39% reduction in heating and cooling energy usage. This further decrease of 39% was expected as detached houses have a large external wall to floor ratio, meaning that there is a large amount of external walls for heat to transfer through. As shown in the previous section of this paper, increasing the thermal resistance (R-value) could significantly reduce the heat transfer rate through a wall.
Installing Rockwool Loose Fill insulation into an external wall requires a more destructive method of retrofitting compared to ceiling insulation. Removing cladding/plasterboard, drilling/blocking holes or lifting roofing requires significant extra labour charges. Sustainability Victoria 25 installed Rockwool Loose Fill installation into a total of 15 dwellings at an average cost of $4286. This is significantly more expensive than R3 ceiling insulation due to the labour and equipment costs. Although Stage 2 requires a significantly larger initial investment to retrofit, the further 39% decrease in energy usage would mean that over a longer term, Stage 2 would be more beneficial. For these reasons, Stage 2 would be a second option of retrofitting if the homeowner would like to increase their initial investment.
Stage 3 of the retrofitting involves installing under floor installation to dwellings that contain suspended timber floors. This was in combination with Stage 2. There were limitations to Stage 3 as only three of the nine benchmark dwellings contained suspended timber floors. As previously stated, this has exaggerated reduction when all averages are compared. For a more accurate result for Stage 3, Table 10 displays average results for dwellings with suspended timber floors. It can now be seen that installing of an R1 insulation to the suspended floor yields a reduction in heating and cooling energy usage of 9% compared to Stage 2.
Although spray foam insulation is a non-destructive method of retrofit, based on prices from the current market in Australia, under floor spray foam insulation can cost up to $35 per m 2 . Due to the high cost of retrofit compared to the energy saved, Stage 3 would not be further analysed or recommended as results show that it is not a viable option.
Feasibility analysis
Thermal comfort is the condition of mind that expresses satisfaction with the thermal environment and is assessed by subjective evaluation. 26 Although thermal comfort is usually discussed for the body as a whole, thermal dissatisfaction may also occur just for a particular part of the body, due to local sources of unwanted heating, cooling or air movement. The prospect of thermal comfortability within your home should be important for all homeowners. Due to poor building envelope design, constant use of mechanical heating and cooling appliances seem acceptable during summer and winter. Improvement of the building envelope would allow a dwelling to maintain a more consistent and acceptable temperature without the need for occupants to use such devices. The argument of investing money into retrofitting of an existing dwelling purely for occupants to feel more comfortable within their home would not be acceptable for the majority of homeowners. Considering that for many homeowners, the decision to retrofitting their dwelling would be made on whether it would be economical to do so, presenting a financial case and argument is necessary.
Demonstrating that the money invested into retrofitting techniques would provide a return on that investment, within a reasonable time, is vital to the success of implementation of the retrofitting techniques. The money saved from the reduction of energy bills would be considered as a financial gain. Therefore, in this study, two retrofitting technique options were financially analysed based on the homeowner's initial investment amount.
• Option 1 -Case 2: R3 ceiling insulation.
• Option 2 -Case 6: R3 ceiling þ external wall insulation
Each option was investigated to determine the prices of retrofitting, money saved, payback period and return on investment (ROI). The following calculations were based on the assumption that all mechanical heating and cooling devices are powered off. Annual heating and cooling electricity cost Table 11 shows the average conditioned and unconditioned floor areas for all dwellings. These floor areas were used for calculating the annual electricity demand for each case, as well as the amount of roof area that would require ceiling insulation. Table 12 summarises the cost of electricity based on AGL New South Wales Electricity Residential Single Rate Fact Sheet. 27 These electricity rates were used to determine the annual cost of heating and cooling the average floor area.
Only the net conditioned floor area was considered during calculations, as unconditioned areas are wet areas with openable windows or doors. As the outputs are presented in MJ, a conversion rate of 3.6 was applied to convert to Kilo Watt Hours. Table 13 tabulates the annual electricity cost for all cases. It can be seen that the annual electricity cost decreases from Case 0 to Case 6. This was expected as the amount of heating and cooling energy demand decreases through each case. Options 1 and 2 produced an annual cost saving of $1722.95 and $2,310.27, respectively.
Cost of retrofitting techniques
The cost of each retrofitting technique option was calculated based on a combination of online quotes and past research studies. Supply and fit quotes of $6.75 per m 2 for R3 insulation have been used for Option 1. A cost increase of 50% has been applied as a safety factor to account for varying quotes and unforeseen extra costs. The total floor area was considered for the following calculation, as the ceiling of unconditioned room was also insulated to improve the effectiveness:
Rockwool Loose Fill external wall insulation cost was based on Sustainability Victoria. 25 An average cost of $4286 was recorded to install the pump in insulation into a total of 15 dwellings. A cost increase of 50% was applied as a safety factor to account for varying quotes and unforeseen extra costs. Figure 10 illustrates the cost of each retrofitting techniques compared to the annual electricity savings per year.
It can be seen that for Option 1, the cost of retrofitting R3 ceiling insulation is less than the amount of money that could be saved per year. However, for Option 2, the price of retrofitting is significantly higher than the amount of money saved per year. This is an important factor to take into account when considering implementing Option 1 or Option 2. Table 14 shows the payback period, ROI over 20 years and the annualised ROI. These performance measurements are critical to accurately evaluate the financial benefits of retrofitting an existing dwelling. The payback period refers to the period time required to recuperate the costs put forward into an investment, or to reach the break-even point. Simply, this is the time taken for savings from electricity costs to cover the cost of retrofitting. This measurement would be the most important to most homeowners, as they would prefer to be 'out of pocket' for the least amount of time. Option 1 provides a payback period of 10 months. This is an exceptionally short payback period where the initial cost of investment would be paid back within the first year. Thus, making Option 1 an extremely viable and efficient means to retrofitting an existing building. Option 2 provides a payback period of 41 months. This payback period is considerable longer than Option 1. This is to be expected as the price of retrofit is around 6 times higher, while savings improvements equate to around 34%. However, a payback period of less than 3.5 years is relatively short considering the amount of money that could be continuingly saved after this payback period, so making Option 2 an extremely viable and efficient means to retrofitting an existing building.
Payback period and ROI
ROI was used to measure the efficiency of an investment and to compare different investments. ROI is a measure of the financial gain generated, over a period of time, by an investment relative to the amount of money initially invested as a percentage. Option 1 provides an ROI of 2464% over a 20-year period, while Option 2 provides an ROI of 494% over the same period as displayed in Table 14 .
Due to the lower initial cost of Option 1, the ROI is significantly higher than Option 2. However, because of this lower initial cost, the ROI does not accurately display the benefits of the money saved by Option 2 over this 20-year period. Money saved over the 20 years, minus the initial investment would more accurately compare the two options over this 20-year period. It can be seen that over the 20-year period, there could be an extra $5317.40 saving by implementing Option 2. It is important to consider this fact when comparing the two options, as payback period and ROI favour Option 1 due to the lower initial costs. 
Recommendations
The following recommendations were made based on the results of the thermal comfort modelling, along with the financial analysis based on these results. This would assist homeowner to make a decision between Option 1 and 2. Option 1 would be recommended for homeowners who want to restrict their initial financial investment amount into retrofitting and would prefer a quick payback period. These include homeowners on a tight Figure 11 . Thermal retrofitting decision-making flowchart. budget or will not be living in the home long term. Table 15 demonstrates the strong effectiveness and viability of this retrofitting technique, essentially halving energy usage while providing a continuing financial savings. Option 1 retrofitting technique should be implemented as a minimal into all dwelling that do not have insulation or insulation that has deteriorated over time. Table 16 summarises the key information for Option 2 -Case 6: R3 Ceiling þ External Wall Insulation. Although Option 2 has an initial cost that is six times higher than Option 1, over an extended 20-year period there could be an extra $5317.40 of saving compared to Option 1.
Option 2 is recommended for homeowners who are prepared to pay the higher initial cost for the long-term benefits. These include homeowners that have a higher budget, long-term owners such as investors and occupants who wish to enjoy the further improvement to the thermal comfort of the dwelling. Option 2 retrofitting fitting technique is the preferred option due to the further reduction in energy usage, leading to reduced CO 2 emissions benefiting the environment. 7 In general, it is recommended that homeowners use the flowchart illustrated in Figure 11 for their decision making process.
Conclusions
This study has focused on developing recommendations on the most effective and feasible retrofitting techniques for existing buildings in Sydney metropolitan area by performing financial analysis of initial investment vs. return based on the quantitative results of the energy modelling. Thermal comfort modelling software FirstRate5 was used to simulate the annual heating and cooling energy consumption of nine benchmark buildings through a range of retrofitting techniques. Dwellings of varying construction materials including weatherboard, cavity brick and brick veneer were simulated to improve accuracy. Each case study building was subjected to seven retrofitting cases to produce a consistent set of results.
Based on the results of this study, it has become apparent that there is a significant heating and cooling energy reduction by implementing two cases of the examined retrofitting cases to existing residential dwellings in Sydney metropolitan area. Those two cases are Option 1 -Case 2: R3 ceiling insulation and Option 2 -Case 6: R3 ceiling plus external wall insulation. For many homeowners, the decision for retrofitting their dwellings would be made based on whether it will be economical or not. Therefore, this study has also demonstrated that Option 1 and Option 2 are worthwhile investments that would provide a financial return. Both options provide a payback period of less than three years, with Option 1 being paid back period within the first year.
Option 1 is recommended for homeowners who want to restrict their initial financial investment amount, preferring a quick payback period. The results demonstrate the strong effectiveness and viability of this retrofitting technique, essentially halving energy usage while providing a continuing financial savings. It is also strongly recommended that Option 1 retrofitting technique be implemented as a minimal into all dwellings that do not have insulation or insulation that has deteriorated over time. Although Option 2 has an initial cost significantly higher than Option 1, over an extended 20-year period, there will be a substantial extra saving compared to Option 1. Therefore, Option 2 is recommended to homeowners who are prepared to pay the higher initial cost for the long-term benefits and occupants who wish to enjoy the further improvement to the thermal comfort of the dwelling. Option 2 retrofitting fitting technique is the preferred option due to the further reduction in energy usage and reduced CO 2 emissions, leading to environmental benefits. Occupants are strongly encouraged to utilise the decision-making flowchart developed in this study for their decision-making process.
